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Simulations of Ion Thruster Plume Contamination
with A Whole Grid Sputtered Mo Source Model
Daoru Han∗ and Joseph J. Wang†
University of Southern California, Los Angeles, CA 90089-1192, USA
A particle simulation based source model is developed to calculate the density distri-
bution of the sputtered Mo atoms for a whole ion optics grid. The source model is used
in PIC simulation of ion thruster plume contamination for 3-grid and 2-grid ion thrusters.
The results show that the commonly used point-source approximation for sputtered Mo
atoms is oversimplified and would lead to over-prediction of contamination deposition.
I. Introduction
Ion thruster plume contamination has been a subject of extensive investigations. In an ion thruster, charge-exchange (CEX) ions generated within the aperture holes and downstream of the accelerator (accel) grid
will impinge the grid surface leading to gradual grid erosion and eventual mechanical failure of the grid.
The sputtered grid material is ejected as neutral atoms in the general direction of the plume. The typical
material of the thruster grid is molybdenum (Mo). A fraction of the sputtered Mo atoms will also become
ionized in the thruster plume and will backflow to become a contamination source for the spacecraft.
In all previous ion thruster modeling studies, grid erosion and plume contamination are modeled sepa-
rately because of their very different spatial scales. A grid erosion model typically focuses only on CEX ion
impingement within one or a few aperture holes. In a plume model, the density distribution of the sputtered
Mo atoms downstream of the thruster is modeled by an analytical model, such as that of a point source. No
self-consistent end-to-end model from grid erosion to plume contamination currently exists.
We are currently developing an end-to-end ion thruster plume contamination model from grid erosion
to plume contamination. This paper focuses on the sputtered Mo source model for ion thruster plume
contamination simulations. In this model, instead of using an analytically generated Mo source, we use
macro-particles to represent sputtered Mo atoms for an entire ion thruster grid. The density distribution of
the sputtered Mo atoms is obtained by tracing the sputtered particles from the grid surface to downstream
regions. The Mo density profile generated by simulation is imported into the ion thruster plume model
developed by Wang et al.1,2 for contamination simulation.
In this paper, simulations are carried out to study the contamination generated by a 3-grid ion thruster
using the new sputtered Mo source model. As an example, we use the 25-cm diameter 3-grid XIPS thruster
as the ion thruster and the Deep Space 1 (DS1) spacecraft as the spacecraft configuration. For comparison,
we also compare the contamination generated by a 2-grid ion thruster with that from the 3-grid thruster.
Section II presents the new whole ion thruster grid sputtered Mo source model and the plume simulation
model. Section III discusses results. A summary and conclusions are given in Section IV.
II. Simulation Model
II.A. Sputtered Mo Source Model
A typical ion thruster plume contamination particle simulation model includes the following two steps: 1)
Particle-in-Cell (PIC) simulations of the CEX ions to generate the electric field surrounding the spacecraft;
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and 2) Particle-tracing of ionized sputtered Mo particles in the electric field generated by CEX simulations.
In Step 2, the neutral Mo atoms sputtered from the thruster grid are typically modeled as that from a
point source. Hence, the density distribution of Mo atoms downstream of the thruster may be constructed
analytically. The Mo density distribution is used to calculate the local CEX Mo production rate, which is
then used to generate macro-particles representing ionized Mo in the simulation domain.
Using a “point-source” model to generate the density distribution of sputtered Mo atoms is valid in the
far-downstream region of a 2-grid ion thruster because grid erosion in a 2-grid thruster primarily occurs on
the downstream surface of the accel grid.3 However, such an approach may not be valid for a 3-grid thruster
for two reasons. First, in a 3-grid thruster, a significant portion of Mo atoms are sputtered off from the
barrel surface of the accel grid aperture. Second, the sputtered Mo atoms need to go through the holes of
the decel grid to escape the thruster. Hence, in order to obtain the density distribution of the sputtered
Mo atoms downstream of a 3-grid ion thruster, one needs to trace the sputtered Mo atoms from the origin
through the grid apertures.
A few ion optics grid erosion simulations have studied the the trajectories of sputtered Mo atoms for
3-grid thrusters. However, due to computational limitations, such studies so far have limited to sputtered
Mo atoms through a single grid aperture. In order to obtain the density distribution of the sputtered Mo
atoms for contamination modeling, one needs to trace the trajectories of Mo atoms through entire ion optics
grid.
In this study, we consider a strip of ion optics grid from grid center to the grid edge, as shown in Figure 1.
Note that the simulation domain encloses a full strip of grids in the radial direction, and the simulation traces
the trajectories of Mo atoms through all the apertures on this strip. The simulation result is then rotated
around the center axis to obtain the density distribution. As an example, the thruster considered in this
paper is the 25-cm diameter XIPS thruster.4
(a) Optics-strip (b) Zoom-in view near center holes (c) Zoom-in view near edge holes
Figure 1. Ion optics geometry for tracing neutral Mo atoms
We assume that the sputtered Mo atoms are generated at the downstream surface of the accel grid,
following an initial cosine-law angular distribution. The macro-particles are traced to the far-downstream
region to generate the density distribution. Particles hitting the grid walls are absorbed. The Mo sputtering
yield under the low energy CEX impingement at thruster grid is about 0.5. The sputtered Mo leaves the
surface with an initial energy of 0.5 eV. The number of macro-particles representing sputtered Mo atoms
generated at a given radial location is proportional to the local beam current density profile. To model the
non-uniform beam current density along the radial direction, the following analytical curve is used to match
the feature of the measured beam current density profile:
f =
{
1 , r ≤ 0.4R
−( r−0.4R0.6R )2 + 1 , r > 0.4R
where f is the normalized current density with respect to the value near the center holes, R the radius of
the beam. Figure 2 shows the plot of the analytical curve.
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Figure 2. Analytical curve used to represent non-uniform beam current density along radial direction
II.B. Plume Simulation Model
The plume simulation model follows the PIC model discussed in Wang et al.1,2, 5 The model formulation
and assumptions are the same as those discussed in Ref. 1. The CEX ions are simulated using the immersed-
finite-element PIC (IFE-PIC) model discussed in Ref. 2 and Ref. 5. The CEX xenon (Xe) ions are modeled
as macro-particles and their trajectories and space charge density are solved self-consistently with the elec-
trostatic field around the spacecraft. A stretched Cartesian based finite element mesh is used to accelerate
the solution of the electric field. The Mo deposition simulation is similar to that discussed in Ref. 5. The
Mo source model discussed in Section II.A is used to generate ionized Mo for contamination simulations.
Macro-particles representing CEX Mo ions are traced in the electric field to spacecraft surface to calculate
deposition rate.
In this paper, we use the DS1 spacecraft configuration for the contamination simulation. Figure 3 shows
the IFE mesh with the DS1 spacecraft model. The Xmin and Ymin planes (with mesh shown in Figure 3)
are modeled as symmetric planes applied with zero-Neumann boundary conditions for field and reflective
boundary conditions for particles. The simulation domain and other simulation parameters will be discussed
in Section III.A.
Figure 3. IFE mesh used in the plume-spacecraft interactions and plasma environment simulation
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III. Results and Discussions
III.A. Simulation Setup
The simulation consists of the following three steps,
• Step 1: Trace sputtered Mo atoms through the ion optics grid to obtain the density distribution of Mo
atoms downstream of ion thruster,
• Step 2: PIC simulations of ion thruster plasma plume around spacecraft,
• Step 3: Trace CEX Mo ions under the electric field obtained in Step 2 and calculate Mo deposition on
spacecraft surface.
The ion thruster plume simulation results shown here were performed in a 3-D domain of 50× 150× 130
PIC cells, containing a quarter of the spacecraft. The simulation domain in y-direction includes the entire
solar array. The simulation typically uses about 34 million macro-particles to represent the CEX Xe ions.
The mesh resolution resolves the Debye length of CEX Xe plasma environment.1 In physical units, each PIC
cell is a 5× 5× 5 cm cube.
The sputtered Mo atom simulation results shown here were performed in a domain of 1 × 800 × 1020
cells. The domain in x-direction has a width of a two-quarter-hole “tile” of the hexagon layout of the grid
holes.3 The domain in y-direction spans 4 m in radial direction (32 × Rbeam). The domain in z-direction
reaches 5 m downstream with respect to the thruster exit. In physical units, each simulation cell is 5 × 5
mm in y- and z-directions (The domain size in physical units is 1.1 mm× 4 m× 5.1 m). Note that the mesh
resolution used in Mo simulation is 10 times finer than that of the plume-spacecraft simulation mesh. The
simulation typically uses about 1.05 million macro-particles to represent the sputtered Mo atoms. The Mo
density distribution n(r, z) is rotated to obtain the full 3-D Mo density distribution n(x, y, z) and is then
loaded into the plume-spacecraft model for CEX Mo ions generation.
III.B. Simulation Results
Figure 4 shows the ion thruster generated plasma environment surrounding the spacecraft. As demonstrated
before,1,2 the local potential shows a wing shaped structure due to the outflow of CEX ions.
(a) Φˆ, normalized by 5 V (b) ρˆi, normalized by 1.1× 105 cm−3
Figure 4. Plasma environment from the plume-spacecraft interactions simulation
The sputtered Mo atoms were traced through the ion optics grid to obtain their density distribution
downstream of the ion thruster. Figure 5 shows the trajectories of some sample macro-particles representing
sputtered Mo atoms and a close-up view of the neutral Mo plume density near the thruster exit.
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(a) Traces of sample macro-particles near center holes (b) Close-up view of neutral Mo density near thruster exit
Figure 5. Traced neutral Mo atoms through ion optics grid
CEX collisions occur between the Mo atoms and the beam ions, generating CEX Mo ions. To demonstrate
the effect of the new sputtered Mo atom model on contamination modeling, we apply four different Mo source
models in our simulation:
• Source Model 0-A: Point-source model for 3-grid ion optics (considering decel grid transparency),
• Source Model 0-B: Point-source model for 2-grid ion optics,
• Source Model 1: Mo atom simulation model for 3-grid ion optics,
• Source Model 2: Mo atom simulation model for 2-grid ion optics.
Here, the 2-grid ion optics is the XIPS ion optics with the decel grid removed.
Figure 6 compares the Mo atom density distribution of the four different Mo source models.
(a) Source Model 0-A (top) vs. Source Model 1 (bottom) (b) Source Model 0-B (top) vs. Source Model 2 (bottom)
Figure 6. Neutral Mo distribution in regions downstream of thruster exit
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It is observed that the density distribution obtained from a 3-grid model differs significantly from the
point-source model, while the distribution from a 2-grid model shows similar patterns as the point-source
model.
Figure 7 and Figure 8 show the cross comparison of normalized CEX Mo production rates for the four
different Mo source models.
(a) Source Model 0-A (b) Source Model 1
Figure 7. Normalized CEX Mo ions volumetric number density increase rate: 3-grid ion optics
(a) Source Model 0-B (b) Source Model 2
Figure 8. Normalized CEX Mo ions volumetric number density increase rate: 2-grid ion optics
Figure 9 and Figure 10 show the Mo deposition rate at spacecraft surfaces of each case. To quantify the
effect of each Mo source model, the mean and maximum Mo deposition rates on the solar array surface are
also listed in Table 1. The simulation of the contamination from the 3-grid thruster shows a much smaller
Mo deposition rate compared to that from the 2-grid thruster. This is because the decel grid significantly
reduces accel grid erosion. Additionally, for both 3-grid and 2-grid thrusters, the point-source model (Source
Model 0-A and 0-B) shows a higher Mo deposition rate than the corresponding particle simulation based
model. This indicates that the point-source approximation of the sputtered Mo atoms is not accurate and
would over-predict contamination deposition.
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(a) Source Model 0-A (b) Source Model 1
Figure 9. Mo deposition rate: 3-grid thruster
(a) Source Model 0-B (b) Source Model 2
Figure 10. Mo deposition rate: 2-grid thruster
Table 1. Mo Deposition Rate at Solar Array (A˚/kHr)
Source Model Mean Maximum
0-A (Point-Source 3-Grid) 2.56E-003 2.12E-001
1 (Traced 3-Grid) 1.74E-004 1.28E-002
0-B (Point-Source 2-Grid) 5.96E-003 4.94E-001
2 (Traced 2-Grid) 1.57E-003 1.32E-001
IV. Conclusions
A particle tracing model is developed to simulate the sputtered Mo atoms for a whole ion optics grid.
The source model is used in PIC simulation of ion thruster plume contamination for both 3-grid and 2-grid
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ion thrusters. The results show that, while the point-source approximation for sputtered Mo atoms shows a
similar density distribution pattern to that generated by the new source model for a 2-grid thruster, it cannot
be used in contamination simulations for a 3-grid thruster. In general, the point-source approximation is
oversimplified and would lead to over-prediction of contamination deposition. The current model only
includes Mo atoms sputtered from the downstream-facing surface of the accel grid. Ongoing work is being
carried out to link ion optics grid erosion to Mo sputtering.
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